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A putative CLC voltage-gated anion channel gene from Aspergillus nidulans (AnCLCA) is characterised. The expression of the AnCLCA
cDNA restored the iron-limited growth of the Saccharomyces cerevisiae CLC null mutant strain (gef1) suggesting that AnCLCA functions as a
chloride channel. An AnCLCA conditional mutant was created and exhibited a strong and specific growth inhibition in the presence of
extracellular copper concentrations N18 μM. This sensitivity was shown to be the result of a hyper-accumulation of copper by the conditional
mutant, which generates superoxide to toxic levels inhibiting the growth. Further analysis revealed that copper dependent enzymes were disrupted
in the AnCLCA conditional null mutant, specifically, a reduced activity of the copper–zinc superoxide dismutase (CuZn–SOD) and enhanced
activity of the cytochrome oxidase (COX). These results suggest that AnCLCA plays a key role in copper homeostasis in A. nidulans and that a
malfunction of this chloride channel results in disrupted intracellular copper trafficking.
© 2007 Elsevier B.V. All rights reserved.Keywords: CLC; Chloride channel; Aspergillus nidulans; Copper homeostasis; Filamentous fungi1. Introduction
The molecular identity and electrophysiological and struc-
tural properties of anion-selective channels are well charac-
terised in animal cells and to a lesser extent, in plant cells [1–4].
Within the anion selective channel family, the CLC channels
define a large class of structurally related membrane proteins
with anion-permeable channel activity that have members in
prokaryotes and all eukaryotic kingdoms [5]. The CLC family
has been best characterised in mammals, in which at least nine
members have been identified that can be grouped into three
branches [5]. The first branch comprises the plasma membrane
anion channels (e.g. CLC-1 and CLC-2), which function in
trans-epithelial transport, volume regulation or the excitability
of cells. Members of the other two branches reside predomi-
nately in intracellular membranes where they play an important
role in maintaining electroneutrality. The highly homologous
CLC-3, CLC-4 and CLC-5 form one distinct branch repre-
senting intracellular CLC channels which provide a shunt⁎ Corresponding author. Tel.: +44 1524 593145; fax: +44 1524 593192.
E-mail address: s.k.roberts@lancaster.ac.uk (S.K. Roberts).
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doi:10.1016/j.bbamem.2007.05.022conductance across intracellular membranes allowing intrave-
sicular cation accumulation and acidification [6–8].
In fungi, most of our knowledge concerning CLC channel
function comes from investigation of the model yeast system,
Saccharomyces cerevisiae. The S. cerevisiae genome contains
one anion channel, GEF1, that has amino acid homology to the
CLC superfamily. gef1 mutant displays an iron-limited growth
phenotype [9] due to the impairment of the iron oxidase FET3,
which is required for high affinity ferrous iron uptake at the
plasma membrane. The FET3 oxidase requires copper loading
onto the apoprotein FET3, which takes place in the Golgi
vesicles [10], and is strictly dependent on a H+-ATPase, a copper
ATPase (CCC2) and GEF1, activity. The loading of copper onto
the FET3 apoprotein requires the intravesicular uptake of copper
into, and the acidification of the Golgi lumen; GEF1 has been
shown to provide a counterion anion conductance which is
essential to dissipate the build-up of positive charge associated
with copper and proton pumping [11,12]. Furthermore the gef1
mutant displayed hypersensitivity to a range of extracellular
cations (e.g. Mn2+ and H+) which is thought to reflect the
absence of a shunt conductance necessary for the cation
accumulation into intracellular compartments [13]. Recently,
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which contains two CLC channels in its genome, has brought
further evidence of the importance, complexity and specificity of
CLC channels function in yeast physiology. Zhu andWilliamson
[14] showed that C. neoformans CLC1 (CnCLC1) is essential
for the copper-dependent laccase activity and melanin produc-
tion which are key factors in virulence. Idnurm et al. [15]
investigating growth comparison between S. cerevisiae gef1
mutant and C. neoformans Cnclc1 and Cnclc2 null mutants
showed first that, like gef1,Cnclc1mutant was hypersensitive to
ferrozine whereas the Cnclc2 mutant was not, and second that
Cnclc1 and Cnclc2mutants were able to grow on acetate, unlike
gef1. These results illustrated both conserved and divergent
phenotypic consequences following the loss of a chloride
channels in the two yeasts.
Although the vast majority of the members of the fungal
kingdom are filamentous fungi there are no reports of anion
channel cloning from a filamentous fungus. To date, our only
knowledge of anion channel function in filamentous fungi
comes from electrophysiological studies on Aspergillus and
Neurospora [16,17]. In these studies, the patch clamp technique
identified anion selective efflux channels in the plasma
membrane of hyphal cells where they are proposed to play
roles in organic acid efflux and in the adaptation to acid stress
[16]. Interestingly, numerous patch clamp investigations of the
S. cerevisiae plasma membrane have failed to report anion
channel activity whereas the analogous studies in Aspergillus
and Neurospora suggest that plasma membrane anion efflux
channels are prevalent; thus raising the possibility that anion
channel function in filamentous fungi may be distinct to that
observed in S. cerevisiae.
In the present study, we begin to address the relative dearth
of knowledge regarding anion channel function in filamentous
fungi. We describe the isolation and functional characterisa-
tion of AnCLCA, a new member of the CLC anion channel
superfamily from Aspergillus nidulans. AnCLCA function in
filamentous fungal physiology is investigated using pheno-
typic and cell biological examination of a conditional
AnCLCA mutant (anclca). We show that AnCLCA plays a
pivotal role in copper homeostasis in A. nidulans, highlighting
differences to that observed in yeast. Furthermore, the present
study represents both the first cloning and functional
characterisation of an anion channel in filamentous fungi
and, to our knowledge, the first generation of an ion channel
mutant in filamentous fungi.
2. Methods and methods
2.1. A. nidulans fungal strains and growth assays
The A. nidulans fungal strain G191 (pabaA1, pyrG89, fwA1, uaY9; [18])
was used in this study and grown on Aspergillus minimal media (AMM; [19]
with trace metals: 18 μM iron (II) sulphate, 8 μM copper sulphate, 3.4 μM
manganese sulphate, 150 μM zinc sulphate, 1.3 μM di-sodium tetraborate,
0.2 μM ammonium molybdate and 7 μM pABA) containing 1% glucose with
10 mM uracil and 10 mM uridine, or 1% glycerol with 10 mM uracil, 10 mM
uridine and 25 mM threonine. Conidia suspensions were prepared by scratching
the surface of a plate (on which Aspergillus had sporulated after 7 days growth at
30 °C) into 5 ml of water; mycelium remains were removed by filtration through“Miracloth” muslin (Calbiochem). For the growth assays, 20 ml of AMM
contained in 50 ml conical flasks were inoculated to a final concentration of 106
conidia/ml and incubated at 30 °C, shaking at 150 rpm. After 65 h, mycelia were
collected by filtration through “Miracloth” and dried for 24 h at 70 °C prior to
dry weight measurement. At the start of each experiment, AMM was at pH 6.5
unless otherwise stated.
2.2. Molecular techniques
Standard manipulations of nucleic acids were performed according to
Sambrook et al. [20]. Vector construct and sequences were confirmed by
sequencing (DNA Sequencing Facility, Biochemistry Department, Oxford
University, UK). DNA extractions were performed on mycelium harvested after
24 h growth in liquid AMM (30 °C), rinsed with 0.5 M EDTA and ground in
liquid nitrogen. DNA extraction from 100 mg of frozen ground powder was
performed using Wizard gDNA extraction kit (Promega) according to the
manufacturer's instructions for plant tissues. Southern blot membranes were
obtained by over night capillary-transfer onto Zeta-Probe GT blotting
membranes (BioRad) and hybridised at 40 °C in hybridisation buffer containing
50% (v/v) formamide, 7% (w/v) SDS, 0.25 M NaCl and 0.12 M Sodium
phosphate buffer. Membranes were washed 3 times with 25 ml of 0.1% SDS and
0.1× SSC, for 20 min at 50 °C. Probes were labelled using Prime-a-gene kit
(Promega). RNAwas extracted (according to the method by [21]) from mycelia
after 24 h growth in liquid AMM. Total RNAwas DNAse treated (Gibco BRL)
according to the manufacturer's instructions prior to cDNA synthesis using
Superscript II (Gibco BRL).
2.3. Isolation of full-length AnCLCA
A DNA fragment from A. nidulans was isolated using degenerate primers
corresponding to two amino acid motifs SxGKEGP and AFGAPIG conserved
for the CLC gene family. Primers that allowed successful amplification of a 162-
bp fragment are as follows: 5′-WSN BTN GGN AAR GAR GGN CCN-3′ and
5′-NCC RAT NGG NGC NCC RAA NGC-3′. DNA sequence from this 162 bp
fragment was used to design gene specific primers (GSPs) which were used to
obtain gDNA sequence upstream and downstream of the 162-bp fragment
sequence using the Universal Genome Walker Kit (Clontech). Approximately
700 bp upstream of the putative start codon and 800 bp downstream of the
putative stop codon were identified. Start and stop codons were confirm from the
longest ORF. The longest ORF was identified from an A. nidulans cDNA library
(kindly provided by Dr. D’ Enfert, Pasteur Institute, Paris) in which cDNA is
subcloned into vector p2.5 (Invitrogen) downstream of the ADH promoter and
upstream of the ADH terminator. Primers specific to the ADH promoter and
terminator were used together with GSPs to perform 5′ and 3′ PCR reactions.
Details of all primers mentioned above can be obtained from the authors upon
request. The largest PCR fragments representing the 3′ and 5′ ends of the longest
ORF for AnCLCA were subcloned into pGEMTeasy vector and sequenced. To
generate the full length AnCLCA cDNA, primers were designed from the 5′ (5′-
GGAAACGTCTTCATCATGCCCCG-3′) and 3′ (5′-CTAGTGCTGCTCTTT-
CATAAACTTCAC-3′) ends and PCR was performed using high fidelity pfu
turbo polymerase (Stratagene). The full length AnCLCA clone was subcloned
into the pCR2.1-TOPO vector (Invitrogen) and complementary strands
sequenced. The AnCLCA DNA sequence was submitted to the European
Molecular Biology Laboratory (EMBL) database on 4/3/03 and assigned
accession number GenBank no AY247967.
2.4. Transformation of A. nidulans
A 1.6-kb PCR amplified fragment (25 base pairs of non coding sequence and
the first 1576 base pairs of the AnCLCA ORF) was generated from a gDNA
template using primers 5AnCLCA5 (5′-GCC GGG TAC CGG AAA CGT CTT
CAT CAT GCC-3′) and 3AnCLCA4 (5′-GCC GTC TAG ATG AAG AGA
GCA CCT GCT GCG CCC CCA A-3′). The 1.6-kb fragment was subcloned
downstream of the alcA gene promoter in pAL3 vector [22] using restriction
sites KpnI and XbaI to create a new plasmid called pAL3KOCLCA. pAL3K-
OCLCA was used to transform G191 A. nidulans protoplasts according to
Ballance and Turner [18].
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S. cerevisiae strains isogenic to W303 were kindly provided by R. Gaxiola
(Dept. Plant Science, University of Connecticut, USA); namely: RGY30 (ura3-1
leu2-3,112 trp1-1 his3-11,15) and RGY192 (Δgef1::HIS3, otherwise isogenic to
RGY 30). Yeast strains were maintained and grown at 30 °C on solid YNBmedia
(Sigma; Y-0626) containing 2% glucose, complemented with the appropriate
auxotrophic markers. PCR was used to introduce XbaI restriction sites
(underlined) at the 5′ and 3′ end of AnCLCA full length cDNA (5CLCGFP2
5′-GCC GTC TAG AGG AAA CGT CTT CAT CAT GCC CCG-3′and
3AnCLCA3 5′-GCC GTC TAG ACT AGT GCT GCT CTT TCA TAA ACT
TCA C-3′). XbaI digested fragment was subcloned downstream of the MET25
promoter of the p416Met25 yeast expression plasmid. p416Met25 is a low copy
plasmid in which promoter activity is up regulated in the absence of methionine
[23]. RGY 30 and RGY192 were transformed, using the lithium acetate method
[24].
2.6. Determination of intracellular copper content
All vessels and utensils used were washed in 6 N HCl and thoroughly rinsed
with MilliQ water to remove trace amounts of copper prior to use. Aspergillus
cultures were grown for 48 h in liquid AMM prior to harvesting with
“Miracloth” and washing for 20 min with 25 ml MilliQ water and 10 min in
15 ml of 0.1 M H2SO4 to eliminate the cell wall-bound copper. Mycelia were
dried at 70 °C for 48 h and weighed. Dried mycelia were resuspended in a
mixture of 5 ml of 9.2 M perchloric acid and 5 ml of 15.5 M nitric acid and
boiled dry. Samples were resuspended in 0.1 M HCl and the copper content was
determined by flame atomic absorption spectrometry using an AAnalyst 100
spectrometer (Perkin-Elmer, USA). Copper content of wash solutions and spent
AMM were also determined.
2.7. Nitroblue tetrazolium staining
Mycelia from 3-day-old liquid culture were rinsed with deionised water and
placed in 1 mM nitroblue tetrazolium solution. They were incubated for 2 h
shaking gently at room temperature. Photographs were taken with Gel doc 2000,
Epi white (Bio-Rad, USA).
2.8. Protein extraction and determination of SOD activity
Three day old liquid Aspergillus cultures were rinsed with deionised water,
frozen in liquid nitrogen and ground into a fine frozen powder which was
homogenized in 100 mM potassium phosphate buffer (pH 7.5) at 4 °C (1:1
buffer volume: powder weight). Homogenates were centrifuged at 13,000×g for
30 min at 4 °C and supernatants were filtered through 0.22 μm filters. The
protein content of the supernatant was determined spectrophotometrically at
595 nm as described by Bradford [25] using Bio-Rad Protein Assay Dye
Reagent with bovine albumin as the standard. Electrophoresis of samples was
carried out under non-denaturing conditions in 10% polyacrylamide gels
(Invitrogen) for 2.5 h. Following protein separation, gels were incubated in the
dark for 20 min in a reaction solution (50 mM potassium phosphate buffer at pH
7.8, 1 mM EDTA, 0.05 mM riboflavin, 0.1 mM nitroblue tetrazolium and 0.3%
(v/v) TEMED) and then illuminated until the development of colourless band of
SOD activity in a purple-stained gel was visible [26]. To distinguish between
CuZn–SOD and Mn–SOD activity, gels were pre-treated with 2 mM potassium
cyanide prior to incubation in reaction solution.
2.9. Oxygen uptake measurement
Respiration of A. nidulans was determined with a Clark-type electrode
(Rank Brothers, UK) in oxygen uptake buffer (0.1 M sodium phosphate buffer
at pH 7.0, 0.8% glucose). A. nidulans was cultured in glucose-containing
AMM at 30 °C for 48 h after which mycelia were collected using Miracloth
and washed with 100 ml of oxygen uptake buffer. 150 mg of mycelia were
placed in a Clark-type electrode containing 3 ml of oxygen uptake buffer and
oxygen consumption monitored for 5 min at 30 °C. To distinguish between
cytochrome oxidase and alternative oxidase-dependent respiration, potassiumcyanide (2 mM) and salicylhydroxamic acid (2 mM) were added to the oxygen
uptake buffer.
3. Results
3.1. Cloning and molecular characterisation of AnCLCA
A PCR cloning strategy was used based on amino acid
motifs highly conserved within the animal and yeast CLC
homologues [27] since our study commenced prior to the
release of the A. nidulans genome. A pair of degenerate primers
permitted the amplification of a 162-bp genomic DNA fragment
from which primers were designed to identify the full-length
cDNA and corresponding amino acid sequence of the longest
open reading frame. This gene will be referred as AnCLCA.
Comparison of the gDNA and cDNA sequences identified in the
present study revealed that they were identical except for a 57-
bp intron in the gDNA sequence 2574 bp downstream of the
initial ATG. The nucleotide sequences of GTAAGA and AG
border the 5′ and 3′ termini of the intron which have been found
to be conserved in filamentous fungal introns [28]. More
recently, the gDNA sequence of AnCLCA has been identified
by the Whitehead Institute A. nidulans sequencing project
(www.broad.mit.edu/annotation/fungi/aspergillus; contig.
1.104, 222253–225039; predicted protein, AN6107.2; release
3.1). Exact sequence alignment was observed except that in the
present study, nucleotide 1013 was identified as a thymine
whereas the Whithead Institute reported the equivalent nucleo-
tide as a cytosine. This nucleotide has been determined to be in
the exon region of the gene (see below) and the effect of this
single nucleotide difference on the translated amino acid
sequence is the conversion of leucine 333 to a serine. The
longest open reading frame for AnCLCA encoded a 909 amino
acid protein that shared significant homology to the CLC
chloride channel gene family (see Section 3.2). AnCLCA
contained the CLC protein motif (Pfam domain 00654.8) and
displayed characteristic putative hydrophobic transmembrane
domains (identified using TMAP and TMHMM located at
http://workbench.sdsc.edu/) indicating it is a membrane intrin-
sic protein.
3.2. Phylogenetic analysis
The release of the A. nidulans genome sequence revealed the
presence of two additional CLCs, AnCLCB and AnCLCC. To
further investigate the prevalence of CLC genes in fungi, we
searched databases for which there is complete or substantial
sequence coverage of their genomes (http://www.ncbi.nlm.nih.
gov/genomes/FUNGI/funtab.html). From the total of 14 fungal
genomes searched, seven were from filamentous fungi (A.
nidulans and Aspergillus fumigatus, Eremothecium gossypii,
Gibberella zeae, Magnaporthe grisea, Neurospora crassa and
Ustilago maydis) and the remaining seven were from yeast and
dimorphic yeast (Table 1). Analysis of sequence data has
identified CLC gene homologues in each of the genomes
searched. Phylogenetic analysis of filamentous fungal CLC
gene homologues revealed that they formed three distinct clusters
Table 1
Results of a search for CLC homologues in fungal genomes
Genome size (mega bases) CLC homologues GenBank accession number
Filamentous fungi
Aspergillus fumigatus 40 3 (Contigs 4912 [1], 4842 [2], 4938 [3])
Aspergillus nidulans (FGSC A4) 31 3 (AY247967 [1], EAA64419 [2], EAA58695 [3])
Eremothecium gossypii 9.2 2 (AAS54110 [1], AAS52614 [2])
Gibberella zeae (PH-1) 40 4 (EAA75099 [1], EAA75539 [2], EAA75268 [3], EAA72212 [4])
Magnaporthe grisea (70-15) 40 3 (EAA51030 [1], EAA52976 [2], EAA48810 [3])
Neurospora crassa 40 3 (EAA28009 [1], EAA33130 [2], EAA28099 [3])
Ustilago maydis (521) 20 2 (EAK85049 [1], EAK84628 [2])
Yeast
Cryptococcus neoformans var neoformans
(B-3501A)
20 2 (EAL20457 [1], EAL18143 [2])
Kluyveromyces lactis (NRRLY-1140) 10.7 1 (CAH00056)
Saccharomyces cerevisiae 13 1 (P37020)
Schizosaccharomyces pombe 13.8 2 (CAA19579 [1], CAA21887 [2])
Dimorphic yeast
Candida albicans (CS5314) 16 3 (EAK94344 [1], EAK94306 [2], EAK92913 [3])
Candida glabrata (CBS138) 13.6 1 (CAG60261)
Yarrowia lipolytica (CLIB99) 20.5 3 (CAG82356 [1], CAG83634 [2], CAG79305 [3])
Plant
Arabidopsis thaliana 125 7 (CAA96057 [a], CAA96058 [b], CAA96059 [c],
BAB01934 [d], AAK53390 [e], NP_564698 [f]), NP_198313 [g]
Mammal
Homo sapiens 3200 9 (P35523 [CLC-1], P51800 [CLC-Ka], P51801 [CLC-Kb],
NP_004357 [CLC-2], NP_001820 [CLC-3], AAD50981 [CLC-4],
NP_000075 [CLC-5], CAD48614 [CLC-6], NP_001278 [CLC-7])
For comparison to other Eukaryotic organisms, CLC homologues have been identified in Arabidopsis thaliana and Homo sapiens. Genome database searches were
based on the genomic fungal BLAST search engine (http://www.ncbi.nlm.nih.gov/sutils/genom_table.cgi%3Forganism%3Dfungi). Genome sizes according to http://
www.ebi.ac.uk. Numbers and letters in square brackets after each GenBank Accession number correspond to the proteins in Fig. 1.
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one member of the CLC family from each of the filamentous
fungal genomes searched (Fig. 1). It seems also that the number of
CLCs contained in the genome of fungi is positively correlated to
the size of the genome. Consistent with this, there is one CLC in S.
cerevisiae genome (13 Mb), two in C. neoformans (20 Mb) and
three in most filamentous fungi (up to 40Mb, Table 1). Although,
AnCLCA shares highest homology to CLCs from other
filamentous fungi, it is noteworthy that AnCLCA exhibited
greater homology to human CLC-3 subfamily (e.g. 32% identity
to human CLC-3) than to GEF1 from S. cerevisiae (27% identity).
3.3. Suppression of gef1 phenotype by expression of AnCLCA
AnCLCA was subcloned into the yeast expression vector,
p416MET25, downstream of the MET25 promoter, and the
resulting p416MET25-AnCLCA plasmid was transformed into
the gef1 yeast mutant. The gef1 mutant is characterised by an
inability to survive in low iron-containing media [11].
Furthermore, it has been demonstrated using electrophysiolo-
gical techniques that GEF1 encodes a functional voltage-
dependent chloride-permeable channel in the intracellular
membranes of yeast with a conductance of 42 pS in symmetrical
600 mM Cl [29]. Gef1 cells expressing AnCLCA showed an
improved ability to grow on iron depleted media compared to
gef1 cells not expressing AnCLCA (Fig. 2). Thus, the ability ofAnCLCA to complement the absence of GEF1 indicates that
AnCLCA probably forms functional anion-permeable channels
in S. cerevisiae.
3.4. Isolation of an AnCLCA conditional mutant
To investigate the role of AnCLCA function in Aspergillus, a
conditional mutant was generated by homologous recombina-
tion (Fig. 3) [18]. Aspergillus was transformed with the plasmid
pAL3KOAnCLCA in which a non-functional truncated frag-
ment of AnCLCA gene was subcloned downstream of the
alcohol dehydrogenase (alcA) gene promoter in vector pAL3
[22]. Integration of this plasmid at the AnCLCA locus resulted
in strains in which the native AnCLCA transcription is regulated
by the inducible alcA gene promoter, whereas, the endogenous
AnCLCA promoter controls the non-functional truncated
AnCLCA gene (Fig. 3A). These conditional AnCLCA condi-
tional null mutant strains are dependent on the activity of the
alcA gene promoter for transcription of AnCLCA. AlcA gene
promoter driven expression strictly depends on the carbon
source present in the growth medium with glycerol–threonine
permitting transcription and glucose repressing transcription
[30]. gDNA from 50 transformants was analysed by PCR (using
primers CLCpromF and pALstartR, designed to the AnCLCA
promoter region and pAL3 plasmid DNA sequences respec-
tively; Fig. 3A). For successful integration of the plasmid
Fig. 1. Phylogram of relationship of amino acid sequence of AnCLC-A to chloride channels from other organisms. Amino acid sequences of CLC related genes from:
Arabidopsis thaliana, Aspergillus nidulans, Candida albicans, Candida glabrata, Cryptococcus neoformans var. neoformans, Eremothecium gossypii, Homo
sapiens, Gibberella zeae, Kluyveromyces lactis, Magnaporthe grisea, Neurospora crassa, Saccharomyces cerevisiae, Schizosaccharomyces pombe, Ustilago
maydis, Yarrowia lipolytica. Corresponding GenBank Accession numbers are detailed in Table 1. Underlined sequences have been assembled from fungal shot-gun
genomic sequencing projects: Aspergillus fumigatus. The analysis was performed using CLUSTALX [46] and the phylogram drawn using PhyloDraw [47].
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PCR amplified DNA fragment of 1.8 kb was expected. The
Lane 1 of the ethidium bromide stained gel shown in Fig. 3B
contains a 1.8 PCR product amplified from a transformant.
Southern analysis of this transformant showed that it contained
a single integration (Fig. 3C). This mutant, referred as anclca,
was used for further study.
To investigate the level of control of AnCLCA expression by
the alcA gene promoter, a Reverse Transcriptase-PCR wasperformed on total RNA extracted from wild type and anclca
mutant grown in glucose-containing Aspergillus minimal
medium (AMM). Firstly, primers were designed to span the
57-bp intron of the AnCLCA genomic nucleotide sequence to
disclose unwanted gDNA contamination. Secondly primers were
chosen to detect only the expression of the full-length gene but
not the truncated version (they were designed within the 3′ region
of AnCLCA that was absent in the truncated fragment; primers 1
and 2 in Fig. 3A). Fig. 3D confirms AnCLCA expression in the
Fig. 2. Suppression of gef1Δ yeast phenotype by expression of AnCLCA. Wild
type (WT) and gef1 yeast cells were transformed with vector p416met25
containing AnCLCA in a forward (+) and backwards (−) orientation. Cells were
grown on YNB containing 1 mM Ferrozine. Top most spots show patterns of
growth after 3 days at 30 °C of 10 μl of cells at 2×106 cells/ml. Serial 10-fold
dilutions of the first inoculation are shown below. No growth differences
between the 4 genotypes were observed when grown on YNB lacking Ferrozine.
2471D.M. Oddon et al. / Biochimica et Biophysica Acta 1768 (2007) 2466–2477wild type Aspergillus and that AnCLCA expression is absent in
anclca when grown in glucose-containing AMM. This result
indicates that the alcA gene promoter is tightly regulated
according to carbon source in our experiments [31].
3.5. anclca conditional null mutant is specifically sensitive to
copper
The dry weight of anclca was similar to that exhibited by the
wild-type when grown glycerol-containing AMM (Fig. 4A),
however, in glucose-containing AMM, it was observed that
anclca consistently produce a lower dry weight compared to
those observed for the wild type strain (Fig. 4B–D). This result
highlights the importance of AnCLCA under our growing
conditions. The growth of the yeast CLC mutant, gef1, has been
shown to be impaired by the presence of several salts and these
studies have identified CLC-type chloride channels to play an
important role in cation homeostasis [11–13]. To determine a
possible role for AnCLCA in cation homeostasis in Aspergillus
we investigated the effects of increasing extracellular cation
concentrations on anclca growth. Anclca growth was assessed
in glucose-containing AMM supplemented with CuSO4 (up to
110 μM; Fig. 4A), ZnCl2 (up to 1 mM; Fig. 4C), MnCl2 (up to
10 mM; Fig. 4D); FeCl3 (up to 1 mM; data not shown), CoCl2
(up to 10 mM; data not shown) and NaCl (up to 500 mM; data
not shown). Elevation of extracellular Mn, Co, Fe and Na did
not have a significant effect on anclca mutant growth when
compared to the wild type. Interestingly, disruption of AnCLCA
conferred a slight growth improvement to the mutant when cells
were grown in medium containing up to 1 mM zinc (Fig. 4C);
however this effect was not investigated further in the present
study. However, anclca growth in glucose-containing mediawas hypersensitive to extracellular copper. Extracellular copper
concentrations greater than 18 μM significantly reduced anclca
growth and concentrations exceeding 40 μM largely abolished
growth (Fig. 4B). In contrast, elevating extracellular copper up
to 110 μM did not significantly inhibit growth of wild type
Aspergillus (Fig. 4B). As expected, the copper-dependent
inhibition of anclca growth was not apparent in glycerol–
threonine-containing AMM (Fig. 4A) confirming that the
copper-sensitive growth exhibited by the conditional anclca
null mutant was the result of disrupting AnCLCA expression. A.
nidulans is a saprophyte ubiquitously found in soils [32], where
the Cu concentrations in the soil solution are typically in the low
nanomolar range [33].
3.6. Hyper-accumulation of copper in the mutant causes
oxidative stress
To investigate the basis for the toxic effects of extracellular
copper on the conditional anclca null mutant growth, we
determined the intracellular copper concentration in A. nidulans
cultured in AMM supplemented with increasing concentrations
of extracellular copper (Fig. 5A). In glucose-containing AMM,
wild type Aspergillus consistently maintained low intracellular
copper concentration of less than 0.26 mg/g dry weight when
cultured in increasing extracellular copper concentrations up to
33 μM. In contrast, anclca hyper-accumulated copper with
increasing extracellular copper, reaching eight to ten-fold higher
content compared to that observed in wild type. The positive
correlation between copper-sensitive growth and elevated
intracellular copper concentration exhibited by anclca sug-
gested that the disruption of AnCLCA expression resulted in
aberrant regulation of copper uptake and/or efflux leading to
accumulation of copper to toxic levels.
Copper is an essential redox metal in all eukaryotic cells;
however, excess copper is associated with several cellular toxic
effects including the excessive formation of the reactive oxygen
species, superoxide and hydroxyl radicals. We investigated
whether excess copper accumulation in anclca mutant induced
an oxidative stress using the superoxide dye nitroblue tetrazolium
(NBT). Following reduction by superoxide radical, the colourless
NBT is converted to formazan, which then forms a dark blue
precipitate. 3-day-old mycelia (Fig. 5B), incubated with NBT,
were examined for the presence of intracellular formazan staining
the hyphae. No visual difference in staining could be observed
between the wild type samples, regardless of the carbon source
and the copper concentration present in the growing medium.
Similarly, in glycerol–threonine containing medium (in which
AnCLCA is expressed in the anclca mutant) the staining was
similar between anclca mutant and the wild type, regardless of
the copper concentration. However, a significantly darker
staining was specifically observed in anclca grown in glucose
in presence of 23 μM copper compared to all the others samples,
indicating a higher level of superoxide. Note that glucose
containing AMM supplemented with 23 μM Cu was the
treatment that resulted in both a 50% reduction in growth and a
copper hyper-accumulation. The results indicate that in the
presence of elevated extracellular copper, the conditional null-
Fig. 3. Construction, isolation and verification of the conditional null AnCLCA mutant, anclca. (A) Predicted single integration and resulting genomic structure of the
conditional null mutant. (B) Ethidium bromide-stained gel of PCR products resulting from primers CLCpromF and pALstartR. Lanes 1 to 6 show PCR products using
gDNA extracted from 6 independent transformants. Note that the 1.8-kb fragment identified in Lane 1 indicates that this transformant possesses the predicted
integration shown in part A. Lanes 2–6 show that these transformants did not possess the predicted integration. M denotes the ‘Marker’ lane. Lanes labelled P and WT
denote PCR products using pAL3KOAnCLCA plasmid and wild type gDNA as templates. Note that the bands detected in lane P represent undigested plasmid DNA
template. (C) Southern hybridisation blot using a probe designed to the middle of AnCLCA for wild type control (WT) and transformant 1 identified in part B (anclca).
DNAwas digested with BamHI. (D) Ethidium bromide-stained gel of RT-PCR products using total RNA extracted from wild type (WT), transformant 1 identified in
part B (anclca) and PCR product using gDNA extracted from wild type (gDNA). Wild type and mutant strains were cultured in glucose-containing AMM. Note that
the primers were designed in the 3′ end of AnCLCAwhich is absent in the pAL3KOAnCLCA construct and which span the 57-bp intron identified in the genomic
sequence of AnCLCA. Note also that the discernable size difference apparent in PCR bands amplified from gDNA and mRNA template confirms that the RT-PCR
experiments were free from gDNA contamination.
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tion to toxic levels inhibiting growth.
3.7. The activity of copper dependent enzymes is impaired in
the mutant
Cells possess a variety of systems poised to limit the cellular
damage associated with reactive oxygen species. Eukaryoticcells possess, at least, two variants of the enzyme superoxide
dismutase (SOD) responsible for the dismutation of the O2
−
radical to H2O2 and water; a copper and zinc containing SOD
(CuZn–SOD) is primarily located in the cytoplasm and a
mitochondrial variant which contains Mn (Mn–SOD) [34,35].
To investigate further the toxic effects of copper on Aspergillus
growth, SOD activity was monitored in mycelia cultured in
AMM containing either eight or 23 μM Cu (Fig. 6A and B).
Fig. 4. Sensitivity of wild type (•) and anclcamutant (○) growth in AMM containing varying concentrations of CuSO4 (A and B), ZnCl2 (C) and MnCl2 (D). Culture
media was glycerol-containing AMM (A) and glucose-containing AMM (B–D). # denotes metal ion concentration in standard AMM. * denotes significant differences
(Pb0.05) between Aspergillus genotypes (t-test). Values are the mean (±S.E.M.) of at least 3 independent experiments. Data in part B are fitted to a Hill equation to
yield an EC50 value of 29±0.68 μM.
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extracellular copper from eight to 23 μM. In contrast, it was
expected that SOD activity would be enhanced in the mutant
due to the superoxide stress generated by increased copper
accumulation. However, contrary to expectations, SOD activityFig. 5. Basis of copper-induced toxicity. (A) Intracellular copper content of wild type
AMM with 8 (standard AMM), 23 or 33 μM CuSO4. (B) Staining with the supero
grown on (1) glucose-containing AMMmedium in presence of 8 or 23 μM of copper
of copper. Values for parts A are the mean (±S.D.) from at least 3 independent experim
(t-test).in anclca was reduced in both eight and 23 μM extracellular
copper compared to that observed in the wild type (Fig. 6A). It
is also noteworthy that SOD activity in the mutant after growth
in glycerol-containing AMM was comparable to that observed
in the wild type. To determine whether the reduction of SOD(▪) and anclca mutant (□) grown in glycerol–threonine or glucose-containingxide specific nitroblue tetrazolium dye (NBT) of wild type and anclca hyphae
and (2) glycerol–threonine containing AMMmedium in presence of 8 or 23 μM
ents. * denotes significant differences (Pb0.05) between Aspergillus genotypes
Fig. 6. Functional analysis of copper–zinc superoxide dismutase (CuZn–SOD) and cytochrome oxidase (COX) in wild type and anclca mutant. (A) Total SOD activity
assessed using nitroblue tetrazolium. 50 μg of protein was added to each gel lane. Protein was extracted from Aspergillus grown in glycerol–threonine containing
AMMwith 8 μMCu or glucose-containing AMMwith 8 or 23 μMCuSO4. (B) As part A except the gel was pre-treated with 2 mM potassium cyanide which inhibited the
CuZn–SOD activity and thus revealed Mn–SOD specific activity. The gels shown in parts (A and B) are representative of 4 independent experiments. (C) Oxygen uptake
measurements from wild type (▪) and anclca (□) mycelia in 3 ml of oxygen uptake buffer. 2 mM potassium cyanide (CN) was added to inhibit COX activity whereas2 mM salicylhydroxamic acid (SHAM) was added to inhibit respiration via AOX. Values represent mean (±S.E.M.) from 3 independent experiments.
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CuZn–SOD and/or altered mitochondrial Mn–SOD, we ana-
lysed SOD activity after pre-treatment with cyanide, a potent
inhibitor of the CuZn–SOD. In the presence of cyanide, Mn–
SOD activity in anclca was comparable to that observed in the
wild type indicating that the CuZn–SOD activity is specifically
inhibited (Fig. 6B). Thus, in AnCLCA repressed condition,
CuZn–SOD does not function to detoxify the cell from the
presence of high level of superoxide.
The specific inhibition of copper-dependent SOD in the anclca
mutant raised the possibility that the activity of copper-requiring
enzymes was disrupted as a consequence of altered copper
homeostasis. To investigate this hypothesis further, respiration
was measured to define the activity of the copper-dependent
cytochrome oxidase (COX). Oxidative phosphorylation, in which
oxygen is consumed during ATP synthesis, results from the
activity of electron transport chains (ETC) in the inner membrane
of the mitochondria. COX is a copper-containing component ofthe ETC which catalyses the reduction of oxygen to water. In
addition to the COX-dependent respiration, most plants and fungi
possess an iron-dependent alternative oxidase (AOX) which
provides both an alternative respiratory pathway for electron
transport and an alternative site for oxygen consumption. Fig. 6C
shows that respiration (i.e. oxygen consumption) in anclca was
approximately double that observed in wild type Aspergillus. To
investigate whether increased oxygen consumption reflected
COX and/or AOX activity, respiration was monitored in the
presence of cyanide (a COX inhibitor) and SHAM (an AOX
inhibitor). Respiration in the wild type was not significantly
inhibited by either cyanide or SHAM suggesting that the COX
and AOX-dependent respiratory pathways operate with surplus
capacity and thus enabling either pathway to compensate for the
inhibition of its alternative counterpart and maintain respiration
rates. In contrast, cyanide significantly inhibited respiration in
anclca (but to levels comparable to that observed in wild type
Aspergillus) whereas SHAM was an ineffective inhibitor. These
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is the result of enhanced COX-dependent pathway and consistent
with enhanced copper delivery to the mitochondria.
4. Discussion
Most of our knowledge concerning anion channel functions
in fungal cells comes from investigations on yeast systems (see
Section 1). The S. cerevisiae genome contains only one CLC
type channel, GEF1. Its electrophysiological properties [27] as
well as its molecular and functional characteristic [11–13] have
been investigated. More recently, the functional characterisation
of the two CLC channels present in the yeast C. neoformans
genome has started to be addressed [14,15]. However to date,
our only knowledge of anion channel function in filamentous
fungi comes from electrophysiological studies on Aspergillus
and Neurospora [16,17]. The present study reports the cloning
and characterisation of an anion channel in filamentous fungi
using a conditional null mutant.
4.1. CLC genes in filamentous fungi
Phylogenetic analysis has highlighted the presence of at least
three CLC homologues in most of the filamentous fungal
genomes searched, which can be grouped in three clusters. This
may represent an additional level of redundancy; however, this is
not consistent with the specific copper-sensitive phenotype
identified in anclca in the present study. It is more likely that
each of these three distinct clusters have specific physiological
roles as has been shown for each of the five or more clusters of
plant sulphate transporters [36]. For example, the CLC genes may
encode anion channels that have been identified in the plasma
membrane of Aspergillus and Neurospora hyphal cells [16,17].
Interestingly, animal CLCs fall into three groups depending upon
their cellular localisation ([5] see Fig. 1). By analogy it is possible
that the different CLC grouping in filamentous fungi represent
CLCs expressed at different membranes.
To date all of the eukaryotic CLCs that have been charac-
terised possess a long COOH-terminal cytoplasmic region that
contains 2 cystathionine beta synthase (CBS) domains whereas,
bacterial CLC proteins have a short COOH terminus without
CBS domains [37]. The exact functional role of these CBD
domains in CLC function remains largely unresolved and even
controversial [37,38], however, Ignoul and Eggermont [37]
conclude that it is clear that these CBS domains are needed for
CLC function and/or expression. AnCLCA is the first functional
eukaryotic CLC channel characterised which does not possess
CBS domains. AnCLCB contains two CBS domains whereas
AnCLCC does not have any CBD domains. Furthermore, this is
the first time that CLC channels with and without CBS domains
have been shown to coexist in the same species. It is probable that
the presence of the CBS domain in AnCLCB reflects a functional
specificity different from AnCLCC and AnCLCA. Interestingly,
within the filamentous fungal genomes analysed in the
phylogram (Fig. 1), six out of the seven species exhibited the
same pattern, where the CLC protein grouped in cluster B was
predicted to contain a CBS domain whereas their homologues Aand C (when applicable) were lacking this domain. The exception
was N. crassa where no CBS region was identified.
4.2. AnCLCA is essential for copper homeostasis
The A. nidulans AnCLCA conditional null mutant is hyper-
sensitive to micro-molar concentrations of extracellular copper
(Fig. 4B). This is the first report of a single CLC channel knock-
down leading to an acute copper sensitive phenotype. Our study
has also shown that the copper sensitivity is due to an
intracellular accumulation of copper by the conditional null
mutant. This result suggests that the basis for the phenotype
comes from an inability of the mutant to regulate the uptake
and/or efflux of copper and that it is the signalling control
mechanisms responsible for copper transport across the plasma
membrane that are disrupted. Controlling copper transport to
maintain cytoplasmic copper homeostasis is vital for cell
growth for two main reasons. First, excess copper can be toxic
due to its ability to reversibly donate and receive electrons
which can lead to oxidative stress damaging lipids, proteins and
DNA [39]. Second, copper is an essential cofactor for enzymes
involved in many biological processes including iron metabo-
lism, respiration and protection against oxidative stress [40]. As
a result, copper homeostasis is a tightly regulated mechanism
that, in S. cerevisiae, has been shown to involve at least four
copper transporters to acquire and transport copper, metal-
lothioneines to detoxify copper, two copper dependent
transcription factors and four copper chaperones to distribute
copper to copper dependent enzymes [41]. It is possible then
that disruption of AnCLCA interferes with one or more of
homologous processes in A. nidulans.
4.3. Comparison of AnCLCA with CLCs from S. cerevisiae and
C. neoformans
Interestingly, CLC knockouts gef1 in S. cerevisiae and
Cnclc1 in C. neoformans have shown phenotypes that also
indicate an involvement of CLCs in copper homeostasis. GEF1
is known to be involved in the activation of Fet3 by copper
loading [12], and CnCLC1 is involved in the activation of the
copper dependent enzyme laccase [14]. However the compar-
ison of the anclca phenotype with the phenotype of gef1, Cnclc1
and Cnclc2 show major differences between mutants. First, the
CLC null mutants of A nidulans, S. cerevisiae and C. neofor-
mans differ in their copper sensitivities. Whilst the growth of
anclca was completely inhibited by the addition of 40 μM
copper, the growth of gef1 (data not shown) and Cnclc1 [14]
were unaffected by the addition of 500 μM copper and 100 μM
copper respectively. Metz et al. [42] showed that 1 mM Cu did
not affect the growth of the gef1 mutant whereas, the wild type
yeast did not grow at this Cu concentration. Second, gef1, and
Cnclc1 null mutants exhibit iron-limited growth in the presence
of the iron chelator, ferrozine, in the growth media [12,15],
whereas anclca conditional null mutants did not (data not
shown), suggesting that iron uptake is not significantly affected
by AnCLCA disruption. A possible explanation for this is that
unlike Saccharomyces and Cryptococcus, Aspergillus does not
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FET3) for the uptake of unbound iron. Aspergillus (like most
filamentous fungi) secretes iron-chelating siderophores and
employs permeases to mediate the uptake of siderophore–iron
complexes across the plasma membrane [43]. Third, unlike the
anclca conditional null mutant, gef1 does not display enhanced
respiration suggesting that copper transport to the mitochondria
is not altered compared to wild type yeast [9]. Finally, gef1
growth is reported to be sensitive to elevations in extracellular
Mn2+ and pH. However, anclca mutant growth was specifically
sensitive to increases in extracellular copper despite testing a
variety of cations including Na+, Mn2+ and H+ (data not shown).
These four differences in phenotype indicate that the role of
AnCLCA is likely to be different to that of GEF1 and CnCLC1.
Idnurm et al. [15] have shown that cnclc2, like anclca
conditional null mutant, is not sensitive to ferrozine. This
suggests that AnCLCA may have a similar function to CnCLC2,
the function of which is currently unknown. Thus the model we
propose for the function of AnCLCA is using a combination of
our results and what is currently known to be conserved about
copper homeostasis.
4.4. A model for AnCLCA function.
Based on previous studies of CLC channels it is highly likely
that AnCLCA provides a shunt conductance which accompanies
cation transport across a membrane. However, the absence of
redundancy between CLC homologues in our study (and in [15])
suggests that despite their general anion transport function, each
CLC channel is associated with specific functions.
The accumulation of intracellular copper by the anclca
conditional null mutant indicates that the regulation of copper
uptake and/or efflux at the plasma membrane is impaired and is
likely to be a response to perceived copper starvation. This may
indicate the absence (or unavailability) of copper at the site of
sensing. Thus, the most likely explanation of the anclca
conditional null mutant phenotype is that in absence of AnCLCA,
an intravesicular membrane voltage becomes highly polarized
inhibiting copper transport into a specific intracellular compart-
ment where copper sensing occurs. The inability to transport
copper into these vesicles would have three principal conse-
quences. First, copper, unable to enter these vesicles, is released
into the cytosol (or other compartment) leading to an increase in
copper concentration and the generation of free radicals. Second,
copper would be redirected to other organelles where its presence
may increase copper dependent enzyme activity as in the
mitochondrial COX in our study. Third, absence of copper in
the AnCLCA containing vesicles may disrupt physiological
functions. In our study, the activity of copper-dependent SOD
enzyme is also decreased in theAnCLCAconditional null mutant.
It is known that the catalytic activity of CuZn–SOD is dependent
on the binding of the copper [34] and therefore the reduction in
SOD activity could result from impaired delivery of copper to the
apo-SOD. It is likely, that as in other eukaryotic systems, copper is
delivered by a copper chaperone for SOD (CCS) [44]. However,
the mechanism by which CCS acquires copper is unknown.
Additionally, Wei et al. [45] showed that a S. cerevisiae SODmutant that only produced apo-SODwas resistant to zinc and they
proposed that this non-functional enzymewas acting as a “sink for
zinc” (zinc does not function in the catalytic cycle but helps
stabilized the enzyme). The zinc resistance of AnCLCA
conditional null mutant (Fig. 3C) could also result from the
same phenomenon.
The mechanism of intracellular communication for copper
control is still not clear and the AnCLCA mutant represents a
useful tool to investigate copper homeostatic control mechan-
isms in filamentous fungi.
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